Flexible, low-loss, large-area multilayer plasmonic optical metasurfaces are demonstrated and analyzed that provide wavelength-selective reflectance >95% and transmittance <1% with low absorption and robustness to variation in angle of incidence and polarization. These characteristics are shown to be insensitive to vertical misalignment between layers, and defects within individual layers. Analysis based on analytical modeling and numerical simulations provides physical insights into reflectance, loss, and bandwidth of these multilayer metasurface structures. Fabry-Perot resonances associated with phase shifts from each individual metasurface are also examined, and evidence of m ¼ 0 resonance due to the nonzero, wavelength dependent phase shift from the metasurface cavity is demonstrated and explained. Finally, fabrication on flexible substrates via rapid, large-area nanosphere lithography, and the robustness of optical properties of interlayer misalignment together enable the demonstration of wavelength-selective focusing at optical frequencies. V C 2013 AIP Publishing LLC. [http://dx
Flexible, low-loss, large-area, wide-angle, wavelength-selective plasmonic multilayer metasurface Flexible, low-loss, large-area multilayer plasmonic optical metasurfaces are demonstrated and analyzed that provide wavelength-selective reflectance >95% and transmittance <1% with low absorption and robustness to variation in angle of incidence and polarization. These characteristics are shown to be insensitive to vertical misalignment between layers, and defects within individual layers. Analysis based on analytical modeling and numerical simulations provides physical insights into reflectance, loss, and bandwidth of these multilayer metasurface structures. Fabry-Perot resonances associated with phase shifts from each individual metasurface are also examined, and evidence of m ¼ 0 resonance due to the nonzero, wavelength dependent phase shift from the metasurface cavity is demonstrated and explained. Finally, fabrication on flexible substrates via rapid, large-area nanosphere lithography, and the robustness of optical properties of interlayer misalignment together enable the demonstration of wavelength-selective focusing at optical frequencies. Manipulation of light via plasmonic behavior in subwavelength metallic nanostructures is currently a subject of intense research interest and is enabling the development of nanostructured metamaterials and metasurfaces that provide a variety of new optical and electromagnetic functionalities, or that enable existing functionalities to be realized in new and often extremely compact form factors. [1] [2] [3] [4] Most such concepts involve structures fabricated in a rigid, single-layer, planar geometry. [5] [6] [7] [8] [9] [10] [11] However, three-dimensional plasmonic nanostructures have been shown to enable additional possibilities for engineering optical chirality, 12 negative refractive indices, 13 and molecular sensing behavior. 14 Furthermore, interest in highly nonplanar geometries and fabrication on flexible or stretchable substrates [15] [16] [17] [18] has been fueled by applications, such as transformation optics, 19 cloaking, 20, 21 and imaging. 22 The ability to fabricate plasmonic nanostructures with multiple plasmonic layers, over large areas, and on flexible substrates could enable the realization of additional new optical functionalities, and the application of plasmonic nanostructures in a broad range of new settings in which structural flexibility, conformation to curved or irregular surfaces, large areas, or low cost is required.
In this paper, we report the design, fabrication, experimental demonstration, and analysis of multilayer optical metasurfaces over large areas ($4-8 cm 2 ) on flexible polymer substrates. These structures are shown to provide wavelength-selective reflectance and transmittance with low absorption loss that is robust to variations in polarization and in angle of incidence. Furthermore, fabrication on flexible polymer substrates enables capabilities, such as wavelength-selective focusing to be achieved, and the use of rapid, large-area nanoscale patterning techniques, and the robustness of optical properties to misalignment between vertically stacked layers make these structures highly promising for applications in which low cost and large area are desirable or essential.
II. EXPERIMENT
Figure 1(a) shows a schematic diagram of a two-layer metasurface structure, the measurement geometry employed for transverse electric (TE), and transverse magnetic (TM) polarizations, and a scanning electron microscope (SEM) image of a completed structure. As indicated in the figure, individual metallic elements of diameter D and thickness d that constitute each metasurface layer are arranged in a hexagonal array with center-to-center spacing P between adjacent elements. A SiO 2 layer of thickness h is present below each hexagonal array layer, and an SU-8 layer of thickness H is present between successive metasurface layers. All structures were fabricated on polyethylene terephthalate (PET) films (Dupont Melinex 454). Key steps in the fabrication process for each metasurface layer are shown in Figures 1(b)-1(d) . First, 10 nm SiO 2 /100 nm liftoff resist (LOR)/10 nm SiO 2 is deposited. The two layers of SiO 2 were deposited in separate e-beam evaporation processes. A self-assembled monolayer of 200 nm-diameter polystyrene (PS) spheres is then deposited on the SiO 2 surface using the Langmuir-Blodgett method, 23, 24 as shown in Figure 1 (b). Reactive ion etching (RIE) is then used to etch the PS spheres, thereby reducing their diameter to $160 nm, after which 20 nm Cr is deposited by e-beam evaporation. The nanospheres are then removed by a lift-off process in toluene, resulting in formation of a Cr hard mask consisting of a hexagonal array of holes, within which the underlying LOR/SiO 2 layers are removed by RIE, resulting in the structure shown in Figure 1 liftoff to create a hexagonal array of Ag disks as shown in Figure 1 (d). Between successive metasurface layers, an SU-8 dielectric layer is deposited by spin-coating, which also serves to planarize the surface for fabrication of the subsequent metasurface layer. Figure 1 (e) shows a large-area SEM image of a completed structure, in which a number of individual and clustered point defects in the hexagonal array are present. At larger length scales, well-ordered hexagonal grains with a typical lateral dimension of $100lm become evident.
Optical transmittance measurements were performed using collimated light from a halogen lamp spectrally resolved by a monochromator. The monochromatic light was linearly polarized by a Glan-Thompson polarizer before reaching the samples, which were mounted on a rotating clamp microstage, allowing measurements to be performed at different incident angles (h i ) and curvature. Numerical simulations of the optical behavior of these structures were performed using rigorous coupled wave analysis (RCWA). 25 The dielectric properties of Ag and SiO 2 were modeled using the Lorentz-Drude model with material parameters from the published literature that are known to correspond well to experimental measurements. 26, 27 The refractive indices of SU-8 and PET are both assumed to be 1.60 and non-dispersive.
III. RESULTS AND DISCUSSION
Previous work has shown 28, 29 that single-and doublelayer metasurface structures consisting of square arrays of nanoscale metallic elements on glass substrate can provide wavelength-selective transmittance and reflectance at optical wavelengths that are insensitive to polarization and angle of incidence, with a double-layer metasurface able to provide low (<1%) transmittance and high (>75%) reflectance over a bandwidth of $100 nm. As shown here, a large increase in bandwidth can be achieved with hexagonal rather than square arrays. Figures 2(a) and 2(b) show experimentally measured transmittance T and reflectance R, along with the implied absorption A ¼ 1 -R -T, for a single-layer metasurface with D ¼ 160 nm, P ¼ 200 nm, d ¼ 40 nm, and h ¼ 10 nm for normal incidence. A minimum in transmittance (maximum in reflectance) is observed at $605 nm with a full-width half-maximum (FWHM) bandwidth of $300 nm. Because this behavior is associated with the dipolar plasmonic resonance in an individual Ag disc as confirmed by numerical simulations shown in Figures 2(c) and 2(d), it is very weakly dependent on polarization of the incident light, [30] [31] [32] and also insensitive to defects in the hexagonal array associated with the nanosphere lithography patterning process. These features are similar to those observed in a single-layer square plasmonic metasurface array with similar dimensions, 28 for which a transmittance minimum was observed centered at $650 nm with a bandwidth of $200 nm. As described below, we attribute the increase in bandwidth for the hexagonal array compared with the square array to stronger coupling among individual Ag plasmonic elements associated with a higher geometrical fill factor in the former. illumination. The resonance at 605 nm shows very weak dependence on angle of incidence consistent with our previous work. 29 Analytical modeling of the optical response of a singlelayer metasurface as an optically thin, polarizationindependent homogeneous planar resonator can provide physical insight into the behavior of such structures, and a basis for rapid design and approximate modeling of multilayer metasurfaces. 33 Briefly, an effective susceptibility v(k) of the metasurface layer is defined, and assumed to be given by a Lorentzian lineshape function 34, 35 
where h is Planck's constant, c is the speed of light in vacuum, C is a radiative linewidth, c is a nonradiative linewidth, and k r is the resonant wavelength. From Eq. (1), we see that C is associated with the amplitude and broadening of the susceptibility at the resonant wavelength, consistent with the correlation between increased geometric fill factor and resonance bandwidth described above. The corresponding amplitudes of electromagnetic plane waves reflected by and transmitted across a single metasurface layer at normal incidence, r(k) and t(k), respectively, can be computed using a standard transfer matrix approach and are then given by
The reflectance R and transmittance T are then given by R ¼ jrj 2 and T ¼ jtj 2 , respectively. Fitting these functions to the experimentally measured transmittance at normal incidence, shown in Figure 2 , yields k r ¼ 605 nm, C ¼ 0.513 eV, and c ¼ 0.0794 eV, and the resulting modeled transmittance is seen to be in good agreement with the experimentally measured results.
This analytical model can be extended in a straightforward manner 33 to design and analysis of multilayer metasurface structures. Figure 3 shows measured transmittance, analytically modeled transmittance and reflectance, and numerically simulated transmittance, reflectance, and absorption, at normal incidence with TE or TM polarization, for a multilayer structure containing two Ag metasurface layers, each with P ¼ 200 nm, D ¼ 160 nm, d ¼ 40 nm, and h ¼ 10 nm, separated by an SU-8 dielectric layer with H ¼ 185 nm. Also shown are measured transmittance and reflectance, along with implied absorption, as a function of angle of incidence h i from 0 (normal incidence) to 60 . A very high, broad reflectance band is observed with peak reflectance near 650 nm of $90% or higher for angles of incidence ranging from 0 to 45 and for both TE and TM polarization. Bandwidth (FWHM) of $400 nm centered at $650 nm is maintained for the measured high-reflectance band for both polarizations and over angles of incidence ranging from 0 to 45 . The high, broad reflectance feature observed experimentally can be explained as a consequence of Bragg reflection by the multilayer metasurface structure using the analytical model described above. In general, the Bragg reflection criterion will be satisfied, and high reflectance will be observed, when the electromagnetic waves reflected by each individual metasurface layer are in phase with each other. According to Eq. (1), the wave component reflected from each metasurface layer will in general include a phase shift /(k) given by
At the resonance wavelength k r ¼ 605 nm, however, this phase shift vanishes, so that the Bragg criterion will be satisfied for H þ h ¼ k/2n d % 190 nm, where n d ¼ 1.6 is the refractive index of the dielectric separating the metasurface layers. For the two-layer metasurface structure of Figure 2 , H þ h ¼ 185 nm þ 10 nm ¼ 195 nm, allowing constructive interference due to Bragg reflection at and near the resonance wavelength to increase the peak reflectance, and broaden the reflectance peak, compared with that for a single-layer structure. 33 The performance of multilayer metasurfaces is superior to that of conventional thin film Bragg reflectors 36, 37 which have very limited angle of incidence acceptance and usually require many dielectric layers to achieve high reflectance. These characteristics of traditional Bragg reflectors properties will also restrict the use of thin film Bragg reflectors on curved surfaces.
We also observe that the width of the high-reflectance peak is close to its photonic bandgap, reached in the limit of an infinite periodic metasurface/dielectric stack, given by
where k max -k min is the FWHM bandwidth of the reflectance peak. For the single-layer metasurface parameters k r ¼ 605 nm and C ¼ 0.513 eV, derived from Eq. (3) and the data in Figure 2 , we obtain k min ¼ 432 nm, k max ¼ 1006 nm, corresponding to a FWHM bandwidth k max -k min ¼ 564 nm. The measured FWHM of the reflectance peaks for angles of incidence up to 30 is $550 nm, close to the theoretical limit estimated from our analytical model and suggesting that bandwidth close to the photonic bandgap for a periodic multilayer metasurface structure can be achieved with as few as two metasurface layers. A detailed analysis employing the multilayer metasurface analytical model 33 is also consistent with this observation. Phase shifts associated with reflectance by each metasurface layer also influence the nature of Fabry-Perot resonances and associated increases in absorption in multilayer metasurface structures. Figures 4(a) and 4(b) show numerically simulated reflectance, for TE polarized light, of a multilayer structure with two metasurface layers separated by an SU-8 dielectric layer, as a function of wavelength and dielectric thickness H, for angles of incidence of 15 and 60 . Each metasurface layer consists of a hexagonal array of Ag discs with P ¼ 200 nm, D ¼ 160 nm, and d ¼ 40 nm, atop a SiO 2 layer of thickness h ¼ 10 nm. For a given H, the numerically simulated reflectance exhibits local minima as a function of wavelength that can be attributed to Fabry-Perot resonances created by reflection from each metasurface layer. Accounting for the wavelength-dependent phase shift introduced upon each reflection from a metasurface layer, the wavelengths for which Fabry-Perot resonances occur are given by 29, 38 k ¼
where m is a non-negative integer corresponding to different Fabry-Perot modes, n d and H are the refractive index and thickness, respectively, of the SU-8 dielectric spacer layer, and /(k) is given by Eq. (4). The Fabry-Perot resonance wavelengths given by Eq. (6) are shown as solid red lines in Figures 4(a) and 4(b) , and show excellent agreement with numerically simulated results for angles of incidence of both 15 and 60 . Because of the nonzero phase shift associated with reflection from the metasurface layer, a Fabry-Perot mode exists even for m ¼ 0, in contrast to conventional resonant cavities but consistent with recent studies of enhancement in absorption by a semiconductor deposited on a metal film, for which a nonzero phase is also introduced upon reflection. 39 These features are evident in the reflectance and absorption data shown in Figure 4 (c), measured at an angle of incidence of 15 for multilayer metasurface structures with SU-8 dielectric layer thickness H ranging from 107 nm to 360 nm. A dip in reflectance, and corresponding peak in absorption, is observed for the m ¼ 1 Fabry-Perot resonance at wavelengths in reasonable agreement with those predicted by Eq. m ¼ 1 Fabry-Perot resonance are strongly suppressed. On this basis, we observe that a broad, high reflectance band is most effectively achieved with a multilayer metasurface structure for which the metasurface plasmonic resonance wavelength k r coincides with a Bragg reflection condition. We also emphasize that our multilayer metasurface structure is very robust to variations in vertical alignment in these discussed characteristics since large variations in vertical alignment are expected over the typical beam size ($1 mm) in our measurements. This is because the reflection and transmittance properties and Fabry-Perot resonances depend on plasmonic resonance in each individual metasurface layer. Near field coupling between elements in each layer will not play a significant role, when the vertical distance, H þ h, is large enough, and this is also consistent with previously reported results. 29, 40 Wavelength-dependent focusing by a flexible, multilayer metasurface structure is shown explicitly in Figure 5 . Figure 5 (a) shows reflection of a distant, broadband illumination source by a $2 Â 2.5 cm 2 flat multilayer metasurface structure consisting of two metasurface layers with P ¼ 200 nm, D ¼ 160 nm, d ¼ 40 nm, and h ¼ 10 nm separated by an SU-8 dielectric layer with H ¼ 185 nm, fabricated on a flexible PET substrate. Short-wavelength blue light (along with infrared light, not visible in the photograph) is transmitted, while light at longer visible wavelengths is reflected. Figures 5(b) and 5(c) show light transmitted and reflected by the same multilayer metasurface structure bend to different curvatures. The reflected light is observed to be focused onto different locations, depending on the degree of curvature of the multilayer metasurface, while the transmitted light remains unfocused and largely unchanged in spectral content. The spectral distribution of the transmitted light at different locations x across a curved multilayer metasurface structure is shown in Figures 5(d) and 5(e), for TE and TM polarization, respectively. As shown in the inset to Figure 5 (d), these locations correspond to local angles of incidence ranging from 0 at x ¼ 0 mm, corresponding to the midpoint of the curved surface, to $60 at x ¼ 7 mm, where x is the lateral distance from the midpoint of the curved surface. The transmitted spectra at all locations measured are very similar, differing primarily in that there is a slight decrease in transmittance at short wavelengths as x, and correspondingly the local angle of incidence, is increased. Based on simulations, analytical modeling, and measurements as shown in Figure 4 , we attribute this decrease to the development of a Fabry-Perot resonance at shorter wavelengths as the local angle of incidence is increased. The results shown in Figure 5 provide direct confirmation of the ability to perform wavelength-selective imaging and focusing via flexible multilayer metasurface structures, uniformity of optical properties over large ($5 cm 2 ) areas, and independence of optical properties to vertical alignment between individual features in adjacent metasurface layers for separations H þ h in the range studied here ($120 nm and larger).
IV. CONCLUSION
In summary, we have designed, experimentally demonstrated, and analyzed both numerically and analytically a series of flexible, large area, multilayer plasmonic metasurface structures fabricated via nanosphere lithography which provide low loss, wavelength-selective, polarization-independent optical transmittance, reflectance, and focusing of incident light. These characteristics are shown to be robust to vertical misalignment between layers and variations within an individual metasurface layer. The high broad reflectance and low absorption can be understood as the consequence of the constructive Bragg reflection by the multilayer metasurface. Phase shifts associated with each individual metasurface are also examined both experimentally and numerically to show the influence of Fabry-Perot resonance. Finally, wavelength-selective focusing of visible light is also demonstrated. 
